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a  b  s  t  r  a  c  t
A  gene  encoding  -l-arabinofuranosidase  (abfA)  from  Aspergillus  niveus  was  identiﬁed,  cloned,  and  suc-
cessfully  expressed  in  Aspergillus  nidulans.  Based  on  amino  acid sequence  comparison,  the  88.6 kDa
enzyme  could  be assigned  to  the  GH  family  51. The characterization  of  the puriﬁed  recombinant  AbfA
revealed  that  the  enzyme  was  active  at  a  limited  pH  range  (pH  4.0–5.0)  and  an  optimum  temperature
of  70 ◦C. The  AbfA  was  able to  hydrolyze  arabinoxylan,  xylan  from  birchwood,  debranched  arabinan,
and  4-nitrophenyl  arabinofuranoside.  Synergistic  reactions  using  both  AbfA  and endoxylanase  were  also
assessed.  The  highest  degree  of  synergy  was  obtained  after  the  sequential  treatment  of the  substrate  with
endoxylanase,  followed  by  AbfA,  which  was  observed  to  release  noticeably  more  reducing  sugars  than
that  of  either  enzyme  acting  individually.  The  immobilization  of AbfA  was  performed  via ionic  adsorptionecombinant -l-arabinofuranosidase
mmobilization
tabilization
onto  various  supports:  agarose  activated  by polyethyleneimine  polymers,  cyanogen  bromide  activated
Sepharose,  DEAE-Sepharose,  and  Sepharose-Q.  The  Sepharose-Q  derivative  remained  fully  active  at  pH
5  after  360  min  at 60 ◦C,  whereas  the free  AbfA  was  inactivated  after  60 min.  A  synergistic  effect  of  ara-
binoxylan  hydrolysis  by AbfA  immobilized  in  Sepharose-Q  and  endoxylanase  immobilized  in glyoxyl
agarose  was also  observed.  The  stabilization  of arabinofuranosidases  using  immobilization  tools  is  a
ic.novel  and  interesting  top
. Introduction
The bioconversion of biomass has signiﬁcant advantages over
ther alternative energy strategies due to biomass’s abundance
nd renewability. Lignocelluloses of plant cell walls are com-
osed of cellulose, hemicellulose, pectin, and lignin. Many enzymes
re involved in the degradation of these polymeric substrates. l-
rabinosyl residues are widely distributed in these polymers as side
hains. The presence of these side chains restricts the enzymatic
ydrolysis of hemicelluloses and pectins [1–3].
-l-Arabinofuranosidases are accessory enzymes that cleave -
-arabinofuranosidic linkages and act synergistically with other
emicellulases and pectic enzymes to promote the complete
ydrolysis of hemicelluloses and pectins [4,5]. It has been
emonstrated that complex substrates, such as wheat bran, which
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contain large amounts of arabinoxylan, are  not easily degraded
by endoxylanases without prior or simultaneous treatment with
arabinofuranosidases [6]. The function of arabinofuranosidase in
xylan deconstruction is to remove arabinose side chains from the
xylose backbone of arabinoglucuronoxylan [7]. These enzymes are
grouped into four different GH families (43, 51, 54, and 62) and
can hydrolyze glycosidic linkages with a net inversion (GH 43) or
retention (GH 51, 54) of the stereochemical conﬁguration at the
anomeric carbon [8].
Few  thermostable arabinofuranosidases have been reported
[9]. Enzyme stability is one of the properties that has been
generally considered to be improved via immobilization [10].
Among the reversible methodologies, ionic adsorption appears to
be the simplest way to immobilize proteins. Most of the ionic
supports have been designed to be used in protein puriﬁca-
Open access under the Elsevier OA license.tion, where the desorption of the adsorbed proteins needs to
be performed under mild conditions to retain the activity of
the target enzyme [11]. In this study, we applied three cationic
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Sepharose Q), diethylaminoethyl (DEAE), and polyethylenimine
PEI).
We  have successfully described the secretion of an arabinofura-
osidase from Aspergillus niveus (AbfA) in Aspergillus nidulans strain
773. The effects of temperature and pH on catalytic activity, as well
s an analysis of the substrate speciﬁcity, and the synergism with an
ndoxylanase to hydrolyze wheat arabinoxylan are also reported.
he synergy assays were carried out both with free and immobi-
ized enzymes. Moreover, the reversible immobilization of AbfA on
ationic supports was useful for improving thermal stability.
. Materials and methods
.1. Microbial strains, plasmids, and culture conditions
A. niveus,  A. nidulans, and TOP10 chemically competent E. coli (Invitrogen, Grand
sland, NY) were maintained as previously reported [12]. The PyrG-containing vec-
or, pExPYR, was used for AbfA expression in A. nidulans. Polyethyleneimine (PEI,
W  25 kDa) was purchased from Sigma. Sepharose-Q CL-4B, DEAE-Sepharose, and
NBr-activated Sepharose 4B were obtained from GE Healthcare Bio-Sciences AB
Uppsala, Sweden).
.2. Cloning of abfA sequence
The genomic DNA from A. niveus was isolated as previously described
13].  The coding sequence for the abfA gene (GenBank accession number:
N679869) was ampliﬁed via a polymerase chain reaction (PCR) using Platinum®
fx DNA Polymerase (Invitrogen). The primer set used for abfA ampliﬁcation
as  comprised of 5′-NNNGCGGCCGCGTTGAGATTTCTGTTGCGTCGTCCGGGGGC-3′
nd 5′-NNNTCTAGATCATTTGTTGCCCTTGGTCTTCAGGACAGC-3′ , bearing restriction
ites for directional cloning using NotI and XbaI sites (indicated in bold). The fol-
owing touchdown PCR cycle parameters were used: denaturing at 95 ◦C for 1 min,
nnealing at 60 ◦C for 30 s, and extension at 68 ◦C for 3 min, with the repetition of
revious cycles, but with lowering of the annealing temperature by 2 ◦C every cycle
ntil an annealing temperature of 52 ◦C was reached, followed by 28 cycles of 95 ◦C
or  30 s, 52 ◦C for 30 s, and 68 ◦C for 3 min  and followed by a ﬁnal extension at 68 ◦C
or  10 min.
.3. Secretion and puriﬁcation of AbfA
After cloning the abfA into pExPYR [14], the plasmid was  transformed into A.
idulans A773, as previous described [15]. Positive transformants were isolated by
heir ability to grow in the presence of 100 g/ml zeocin. Protein expression was
arried out in an Erlenmeyer ﬂask using minimum medium (MM)  and 2% maltose
s  the inducer. The AbfA production was monitored by analyzing the culture super-
atant by SDS-PAGE and the hydrolytic activity in p-nitrophenyl arabinofuranoside
pNP-ara).
The crude extract obtained from 2% maltose induction was puriﬁed by DEAE-
ractogel (1.0 cm × 5.0 cm in 10 mM Tris–HCl buffer, pH 7.5), followed by ﬁltration
n  Sephadex G-100 Superﬁne (2.0 cm × 85.0 cm in 50 mM sodium acetate buffer,
H 4.0). The protein fractions were collected and assayed for the AbfA activity on
NP-ara.
.4.  Enzyme characterization
Enzymatic activity was  colorimetrically measured using pNP-ara, and the reac-
ion  was  assayed using 50 l of 8 mM substrate and 50 l of enzyme for 5 min.
eactions were stopped by adding 100 l saturated sodium tetraborate, and prod-
cts were measured by absorbance at 405 nm.  Activities against wheat arabinoxylan
nd  other complex carbohydrates were determined with regard to reducing sugar
roduction using dinitrosalicylic acid reagent (DNS) [16]. The reaction mixture, con-
isting of 50 l substrate (1%, w/v) in 50 mM ammonium acetate buffer, pH 5.0, and
0 l enzyme solution, was  incubated at 60 ◦C in a water bath for 5 min. The reac-
ion was stopped by the addition of 0.1 ml  DNS and immediate boiling for 5 min.
he  reducing sugars were measured at 540 nm after the addition of 1 ml  of water
nd cooling. One unit of enzymatic activity was  deﬁned as the amount of enzyme
hat produced 1 mol  min−1 of reducing sugars. To determine the optimum pH and
emperature proﬁles, the enzymatic reaction was carried out at different pHs in a
cIlvaine’s buffer system (pH 4.0–10.0) and various temperatures (25–80 ◦C). The
rotein content was  measured by Bradford assay [17]..5. Preparation of PEI-agarose support
The PEI-agarose 4 BCL support was prepared by the reductive amination of
 glyoxyl-agarose support with the primary amine groups of PEI, as previously
escribed [18,19].mistry 47 (2012) 2411–2417
2.6. Enzyme adsorption on reversible supports
One gram of each of the different supports (DEAE, PEI, and Sepharose Q) was sus-
pended in 10 ml  of enzyme solution. Adsorptions were carried out in 10 mM sodium
phosphate buffer at pH 7 and 25 ◦C. To prevent diffusion limitations, standard exper-
iments were performed using only 5 IU of the enzyme/ml packed supports. During
adsorption, samples were withdrawn from the supernatant and the suspension, and
the enzyme activities were determined. After 30 min, the derivatives were washed
with an excess of distilled water and stored at 4 ◦C.
2.7.  Enzyme immobilization on CNBr-Sepharose support
One gram of washed CNBr-activated Sepharose 4B was prepared as instructed
by  the supplier (Pharmacia-Sweden). The Sepharose was incubated with 10 ml of
enzyme solution in sodium phosphate buffer, pH 7, for 15 min at 4 ◦C with gen-
tle stirring. After that, the immobilized preparation was ﬁltered and washed with
0.1  M sodium bicarbonate buffer supplemented with 0.5 M NaCl at pH 8.4. Later, the
remaining reactive groups were blocked with 1 M ethanolamine hydrochloride, pH
8  (4 ml/g of support) at room temperature for 2 h with gentle stirring. Finally, the
derivative was  stored at 4 ◦C.
2.8. Desorption of proteins or enzymes adsorbed on the supports
A  total of 0.2 g of immobilized enzyme (containing 1.75 UI of the enzyme per
ml  of packed support) was suspended in 2 ml of sodium acetate buffer at pH 7.
Increasing concentrations of NaCl were then added, and samples were taken from
the  supernatant 30 min  after this addition at room temperature (longer incuba-
tion times of up to 2 h did not result in signiﬁcant increases in the desorbed
proteins). The desorbed protein concentrations were checked by assessing the
enzyme activity released from the support to the supernatant and then com-
paring the activity to the activity of the suspension (which remained constant
throughout the experiment). A reference solution with soluble enzyme was  sub-
mitted to the same treatment to detect any possible effect of the NaCl on enzyme
activity.
2.9. Thermal stability of enzyme preparations
With an aim to study the thermal stability of the free enzyme and derivatives,
1.75 UI/ml were used. The inactivation protocols were carried out in sodium phos-
phate buffer at 60 ◦C and pH 5. Samples were withdrawn at different time points,
and their activities were assayed with the pNP-ara substrate, as described in the
methods. The remaining activity was  calculated as the ratio between the activity at
a  given time and the activity at time zero of the incubation.
2.10. HPLC analysis
High-pressure liquid chromatography (HPLC) was  used to identify the products
from arabinoxylan (Abx) hydrolysis. Abx (0.5%, w/v) was incubated with the deriva-
tives at 50 ◦C. At regular times, samples were withdrawn and heated in a boiling
water bath for 5 min  to stop the reaction. The reaction mixtures (20 l) were sub-
sequently loaded onto a SUPELCOGEL-Ca column (30 cm × 7.8 mm;  Sigma–Aldrich,
St.  Louis, MO,  USA), and the oligosaccharides were eluted with Milli-Q water as
the mobile phase at a ﬂow rate of 0.5 ml/min at 80 ◦C. The sugars were detected
with a light scattering detector and were identiﬁed and quantiﬁed by compar-
ing  their elution times with those of standard amounts of arabinose, xylose, and
xylooligosaccharides.
3. Results and discussion
3.1. AbfA was successfully secreted by A. nidulans
The gene encoding abfA was ampliﬁed and isolated from
the genomic DNA of A. niveus using PCR and ligated into
the vector at the NotI and XbaI sites, which allowed protein
expression driven by the glucoamylase promoter and secretion
based on the recombinant native glucoamylase signal sequence.
Next, the plasmid was transformed through integrative trans-
formation into the A. nidulans genome, and the recombinants
were selected on MM supplemented with 100 g/ml of zeocin.
Selected zeocin-resistant integrants were submitted to induction
(maltose), and the AbfA secretion was analyzed by SDS-PAGE
(Fig. 1). The ORF of the A. niveus AbfA gene consisted of 1917
nucleotides, encoding 656 amino acid residues. Using SignalP
(http://www.cbs.dtu.dk/service/SignalP), a potential signal pep-
tide was predicted (1–18). Thus, the mature protein consisted
of 638 amino acids with a calculated molecular weight of
A.R.L Damásio et al. / Process Biochemistry 47 (2012) 2411–2417 2413
Fig. 1. High-level expression and secretion of recombinant AbfA in A. nidulans. SDS-PAGE analysis of culture ﬁltrate proteins recovered from shake-ﬂask cultures. L, ladder;






























xequence alignment of AbfA (query) using ClustalW2.
9.8 kDa and an isoelectric point of 5.20 (http://www.expasy.ch).
he enzyme sequence was aligned across the entire length by
lustalW [20], showing a highly conserved primary structure.
he AbfA was assigned to glycoside hydrolase family 51 by Pfam
nalysis.
.2. AbfA (GH51) and endoxylanase GH11 work synergistically
uring arabinoxylan hydrolysis
The recombinant AbfA was puriﬁed in two-steps: anion-
xchange chromatography and gel ﬁltration to SDS-PAGE homo-
eneity (Table 1). The molecular weight of the puriﬁed recombinant
bfA was higher (88.6 kDa) than the estimated molecular weight
rom the deduced amino acid sequence (Fig. 2A). The optimal pH
ssay (Fig. 2B) showed that the AbfA displayed a limited activity
n pHs ranging from 4.0 to 5.0, with an optimum activity at pH
.0. The optimal temperature for AbfA activity was measured at
he optimal pH and was determined to be 70 ◦C (Fig. 2C). The spe-
iﬁc activities for the pH and temperature assays corresponding to
00% were 53.70 U/mg and 48.31 U/mg, respectively. The AbfA was
ble to hydrolyze only arabinofuranosyl synthetic aryl substrates,
hereas no activity was  detected with arabinopyranosyl (data not
hown). To determine the recombinant AbfA substrate speciﬁcity,
he amount of reduced sugar was measured after the hydrolysis
f complex substrates, such as wheat arabinoxylan, debranched
rabinan, xylan from birchwood, xyloglucan from tamarind, and
tarch. The enzyme could not hydrolyze xyloglucan or starch,
nd it showed speciﬁcity toward arabinoxylan, debranched arabi-
an, and xylan from birchwood (Fig. 3A). According to this result,
he AbfA was classiﬁed into subclass 1, which includes enzymes
hat release arabinose from both singly and doubly substituted
ylose, and it was able to hydrolyze pNP-ara at a similar rateas that for oligosaccharide substrates. This subclass was  exempli-
ﬁed by the arabinoxylan arabinofuranohydrolase enzyme isolated
from germinated barley [21]. Certain arabinofuranosidases with
both exo- and endoactivities on arabinan have been reported
[9,22].
To study AbfA inhibition, an experiment was  carried out with
the puriﬁed AbfA and pNP-ara as the substrate, followed by the
addition of arabinose, xylose, and glucose in increasing concentra-
tions (0–225 mM)  (Fig. 3B). It was  important to assess the inhibitory
binding of arabinose, xylose, and glucose to the AbfA because these
sugars can reach high concentrations during the sacchariﬁcation
of biomass. None of the sugars was  particularly inhibitory, and the
AbfA was  strongly insensitive to monosaccharide inhibition. The
inhibition studies were also carried out for other arabinofuranosi-
dases [23,24].
GH11 endoxylanases preferentially hydrolyze debranched
xylan chains [25,26].  To improve wheat arabinoxylan hydroly-
sis, the synergy of AbfA and an endo--1,4-xylanase GH11 (XAN)
[27] was investigated (Fig. 3C). Both AbfA and XAN were able to
hydrolyze arabinoxylan, with XAN releasing 2.5 times more prod-
uct than the AbfA. The degree of synergy (DS) was  higher for the
sequential treatment of the substrate with AbfA, followed by XAN
(AbfA/XAN; DS = 1.81) than for both enzymes acting simultaneously
(AbfA + XAN; DS = 1.35). The importance of arabinofuranosidases
relies on the fact that arabinose side chains on hemicelluloses and
pectins participate in cross-linking with other molecules within
the plant cell wall structure. The presence of these side chains
also affects the form and functional properties of hemicelluloses
and pectins [28]. Moreover, the l-arabinofuranoside substitutions
on xylan strongly inhibit the action of xylan-degrading enzymes,
thereby preventing the complete polymer degradation to its basic
xylose units [3,7,29].
2414 A.R.L Damásio et al. / Process Biochemistry 47 (2012) 2411–2417
Table 1
AbfA puriﬁcation strategies.






















pFiltrate 400 57.6 
DEAE-Fractogel 42 13.7 
Sephadex G-100 14 1.25 
.3. Immobilization yields of AbfA on DEAE, Sepharose-Q, and PEI
garose supports
The adsorption process of the AbfA on different anionic
xchange supports is described in Fig. 4A. In both cases, we
bserved that the rate of enzyme immobilization was notably sim-
lar, with approximately 50% of the initial enzyme activity being
etained over an extended period. The adsorption was notably
apid, and the recovered activity was notably high (92%). Ionic
dsorption was not complete, which may  be due to the existence
f enzyme isoforms with different degrees of glycosylation. The
ost glycosylated ones were unable to become adsorbed on anionic
xchangers because the N-glycans are located at zones where there
s close interaction with the supports (aspartic and glutamic acids).
ormally, the immobilization of the enzymes in this kind of support
s highly simple, efﬁcient, and fast.
.4. Study of the adsorption strength of AbfA on the PEI,
epharose-Q, and DEAE-agarose supportAccording to Fig. 4B, the enzyme was more strongly adsorbed on
epharose-Q (quaternary ammonium) support than PEI and DEAE.
he ionic adsorption (mainly on Sepharose-Q) was  notably strong,
ig. 2. (A) SDS-PAGE analysis of AbfA secreted by A. nidulans after puriﬁcation with DEAE
uriﬁed  recombinant AbfA activity.429.4 59.53 100 1
071.5 78.21 31.24 1.3
157.3 125.8 4.58 2.1
which facilitated the use of these derivatives in reactors with low
ionic strength. The hydrolysis of arabinoxylans only requires the
use of trace amounts of buffer to adjust the pH of the reactor. The
hydrolytic process did not promote any change of pH. The enzyme
was desorbed with 180 mM,  200 mM and 400 mM of NaCl from
DEAE, PEI and Sepharose-Q, respectively. This desorption proﬁle
showed the higher interaction of AbfA on Sepharose-Q than on
DEAE or PEI.
3.5. The immobilization on Sepharose-Q improved the AbfA
thermal stability
The AbfA stabilization was notably high and was higher with
Sepharose Q, where the strength of adsorption was  also the high-
est. These derivatives could have a potential industrial application.
The most stable derivatives preserved 100% of the activity after
360 h of incubation at 60 ◦C, and the soluble enzyme completely
lost activity in less than 6 h (Fig. 4C). In addition to that advantage,
reversible immobilization also allows the re-use of the support
after the enzyme is inactivated. The inactivated enzyme is des-
orbed away from the support at high ionic strength, and later, a
fresh solution of enzyme is added to the clean support at low ionic
strength.
-Fractogel and Sephadex G-100. L, ladder; effect of pH (B) and temperature (C) on
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Fig. 3. (A) Substrate speciﬁcity of recombinant AbfA. (B) Effect of arabinose (), xylose () and glucose () on pNP-arabinofuranoside (10 mM in 50 mM ammonium acetate
buffer) hydrolysis by AbfA. The reactions were carried out at pH 5.0, 70 ◦C for 5 min. The monosaccharides were directly added to the reaction mixture. (C) Synergistic
effect  of recombinant AbfA and endo-xylanase. Plot shows the release of reducing sugars from (1%, w/v) low-viscosity wheat arabinoxylan after a 5 min treatment with




















oy  boiling followed by XAN for 5 min  (AbfA/XAN). The P value was <0.001, as deter
he  Newman–Keuls Multiple Comparisons Test.
The levels of stabilization observed with the Sepharose-Q
erivative were hundreds of times more stable than the other
erivatives and the free enzyme. This report is the ﬁrst to study
he immobilization and stabilization of -l-arabinofuranosidase
n PEI-agarose, Sepharose-Q, and CNBr-activated Sepharose. This
opic is a novel and interesting one that should be explored further.
The synergistic effect of arabinoxylan hydrolysis by AbfA immo-
ilized in Sepharose-Q (ABF-Q) and endoxylanase immobilized
n glyoxyl agarose (XAN-Gx) was also studied. The immobiliza-
ion of endoxylanase in glyoxyl agarose was previously described
27]. The hydrolysis of arabinoxylan with ABF-Q released 11% of
he arabinose after 120 h at 50 ◦C (Fig. 5). Likewise, arabinoxy-
an hydrolysis by endoxylanase immobilized in glyoxyl agarose
XAN-Gx) for 120 h at 50 ◦C released only 1% of xylotriose. These
nzymes individually had limited activity on the substrate. The
imultaneous hydrolysis of arabinoxylan using XAN-Gx and ABF- for 120 h at 50 ◦C released X1 (2.5%), X2 (16%), X3 (5%), and A1
14%) (Fig. 5). There was an improvement in the hydrolysis efﬁ-
iency, thereby highlighting the importance of the synergistic effect
f XAN and AbfA for arabinoxylan degradation. The arabinoxylan by one-way ANOVA. All of the treatments had signiﬁcant differences according to
was only slightly hydrolyzed by xylanase. The elimination of arab-
inose residues by the arabinofuranosidase strongly improved the
subsequent xylanase action, and hence, an interesting mixture
of valuable oligosaccharides is obtained from a lignocellulosic
residue.
In summary, we have reported the cloning, heterolo-
gous expression, secretion, and characterization of and -l-
arabinofuranosidase from A. niveus.  The A. nidulans expression
host demonstrated high levels of AbfA secretion into the culture
medium, thereby facilitating the puriﬁcation process for further
protein characterization. These subsequent studies showed that
the enzyme is a true AbfA, with a catalytic domain characteristic
of the GH51 family. The AbfA (free or immobilized), in association
with the endoxylanase, demonstrated a synergistic hydrolysis over
wheat arabinoxylan. The reversible immobilization on Sepharose
Q was  notably rapid and simple. The strength of adsorption was
high, as was  the stabilization of the derivatives. In addition to that
ﬁnding, the supports can be re-used after enzyme inactivation. The
protocol reported here for the immobilization of arabinofuranosi-
dase is novel and notably interesting.
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Fig. 4. (A) Immobilization strategies for AbfA. Experiments were performed in 10 mM sodium phosphate at pH 7 and 25 ◦C. (B) Desorption of AbfA from supports at pH 7 by
increasing NaCl concentrations. Experiments were carried out in 10 mM sodium phospha
of  AbfA. Experiments were performed in 10 mM sodium phosphate at 60 ◦C and pH 5. Sym
()  free AbfA.
Fig. 5. HPLC analysis of released products after arabinoxylan hydrolysis. Arabinoxy-
lan (0.5%) in 5 mM sodium acetate buffer, pH 5.0, was incubated with XAN-Gx,











Mer ml  of substrate. XAN-Gx: endo-xylanase immobilized in glyoxyl agarose; ABF-
:  AbfA immobilized in Sepharose-Q; A1: arabinose; X1: xylose; X2: xylobiose; X3:
ylotriose.
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